Introduction
============

Intensifying effort in medicinal inorganic chemistry[@cit1]--[@cit6] promises to yield new cancer therapies that join the suite of organoplatinum complexes (cisplatin, carboplatin, and oxaliplatin) currently used to treat nearly half of all cancer patients undergoing chemotherapy.[@cit7] In this area, screening rather than rational design remains the primary method for identifying lead compounds. For example, a landmark study[@cit8] published by the National Cancer Institute tested 1100 different metal-based compounds against a diverse panel of cancer cell lines and categorized them according to their putative modes of action----binding to sulfhydryl groups, chelation, generation of reactive oxygen species (ROS), and production of lipophilic ions. However, few of these insights have translated to improved clinical care. More recent work highlights the anti-proliferative properties and modes of action of compounds that contain copper,[@cit9],[@cit10] iron,[@cit11] ruthenium,[@cit12]--[@cit14] and other metals.[@cit15]--[@cit18] Therefore, metals are now a promising frontline chemotherapy against many cancer types.

Metals are stereochemically versatile and allow for the synthesis of complexes that have good shape complementarity to biological targets.[@cit19] They can also provide redox functionality that contributes to cytotoxicity.[@cit20] Furthermore, organometallic compounds and coordination complexes are easier to synthesize and modify than organic molecules, which facilitates the production of derivatives that have fewer side effects and a wider range of activities. For example, optimization of this type led to the development of the second generation platinum-based drugs carboplatin and oxaliplatin,[@cit21] and similar improvement is being made to ruthenium-based agents, with new drug candidates currently undergoing clinical trials.[@cit12]--[@cit14]

An effective feature of metal--organic complexes as anticancer agents is the acid-lability of their metal--ligand bonds. The extracellular environment of malignant tissue is often more acidic than normal tissue,[@cit22] providing an opportunity for localized metal release from metal--organic compounds. This could increase cancer-selective toxicity and minimize off target toxic effects.

Like some mononuclear complexes, discrete polymetallic coordination compounds including metallocycles, cages, and helices have exhibited *in vitro* cytotoxicities that rival or exceed that of cisplatin.[@cit23] Their relatively large size and rigidity may facilitate binding to the large flat surfaces of proteins, so-called "undruggable" targets.[@cit24],[@cit25] Moreover, efficient binding to cell-surface proteins may trigger active transport mechanisms that result in intracellular delivery of the agents and their inhibition of specific protein--protein interactions. Alternatively, binding and intracellular transport may be followed by metal release within lysosomes and subsequent metal-mediated damage of multiple intracellular targets.

Metal--organic knots and links are relatively large, often polymetallic species, similar to the more traditional metal--organic structures. However, being topologically non-trivial, they possess unique structural complexities and potentially unique binding affinities. Nevertheless, their biological activities have yet to be explored. Here, we describe potent *in vitro* and *in vivo* anti-proliferative properties of metal--organic trefoil knots (M-TK). The mechanism of cancer-toxicity appears to involve binding to the cell surface, intracellular delivery by active transport mechanisms, and the generation of reactive oxygen species (ROS) that damage mitochondria but spare nuclear DNA and the cell membrane. Scheme S1[†](#fn1){ref-type="fn"} illustrates the general strategy followed in this study.

Results & discussion
====================

Design, synthesis and characterization
--------------------------------------

Previously, we reported a convenient protocol for the synthesis of zinc- and cadmium-containing trefoil knots (Zn-TK and Cd-TK, respectively).[@cit26]--[@cit28] The procedure involves mixing diamino pyridine (DAB), 2,6-diformyl pyridine (DFP), and the corresponding metal([ii]{.smallcaps}) acetate in isopropanol solvent at 65 °C for 5 hours. We expanded on this work by isolating copper- and manganese-based trefoil knots (Cu-TK and Mn-TK, respectively), as well as an iron-containing complex that could not be accessed directly but could be obtained by transmetalation of Cd-TK.[@cit26] For this study, metal--organic trefoil knots (M-TKs) incorporating Zn([ii]{.smallcaps}), Cd([ii]{.smallcaps}), Cu([ii]{.smallcaps}) and Mn([ii]{.smallcaps}) were synthesized in 56, 59, 78 and 58% yields, respectively (Fig. S1A[†](#fn1){ref-type="fn"}). To prepare Fe-TK, Cd-TK was combined with 10 equivalents of iron([ii]{.smallcaps}) acetate in a mixed solvent of CH~3~OH : CH~3~CN (1 : 1) at room temperature (Fig. S1B[†](#fn1){ref-type="fn"}). Metal-ion exchange occurred within 30 minutes and yielded Fe-TK in 82%. All newly prepared knotted structures were fully characterized by HR-MS, ^1^H and ^13^C NMR spectroscopies (ESI). Zn-TK, Cu-TK, and Cd-TK were also characterized by single crystal X-ray diffraction studies ([Fig. 1](#fig1){ref-type="fig"}).

![Structures of metal--organic trefoil knots. (a) General chemical structure of the metal--organic knots and X-ray crystal structures of (b) Cu-TK, (c) Zn-TK, and (d) Cd-TK.](c9sc01218d-f1){#fig1}

Biological activity and selectivity
-----------------------------------

M-TKs have a unique topology, stability under physiological conditions (Fig. S2[†](#fn1){ref-type="fn"}), and metal--organic composition which suggests they will be effective in delivering toxic metals to cells. We thus evaluated the toxicity of these complexes *in vitro* using cancer cells and *in vivo* using zebrafish embryos. Cadmium is a known carcinogen,[@cit29] so Cd-TK served only as an intermediate in the synthesis of Fe-TK and its *in vitro* and *in vivo* activities are presented for the sake of comparison.

The anticancer activity of M-TKs (Cu-TK, Zn-TK, Fe-TK, Mn-TK and Cd-TK) was investigated against six cancer cell lines: HeLa (human cervical epithelial carcinoma), A2780 (human ovarian carcinoma), A2780/cis (human ovarian carcinoma (multi-drug resistant)), MDAMB-231 (human breast adenocarcinoma), PC3 (human prostate adenocarcinoma), and MCF-7 (human breast adenocarcinoma). All these cell lines represent cancers that are highly aggressive with a high risk of drug resistance.[@cit30] We compared the activity of the M-TKs to that of the commercially available drug cisplatin as a positive control ([Table 1](#tab1){ref-type="table"} and Fig. S5[†](#fn1){ref-type="fn"}). A2780 and A2780/cis cancer cells are human ovarian cancer cell lines that are genetically identical (isogenic), except that A2780/cis cells exhibit resistance to many conventional chemotherapeutic agents, especially cisplatin. Metal-free TK, obtained by the reduction of the imine bonds of Cd-TK (Fig. S1[†](#fn1){ref-type="fn"}), the individual organic ligands (DFP and DAB), and the acetate salts of all metals except Cd([ii]{.smallcaps}) exhibited minimal toxicities in all cell lines (Fig. S6[†](#fn1){ref-type="fn"}). In contrast, the M-TKs effectively induced cell death, several in the sub micromolar ranges ([Table 1](#tab1){ref-type="table"}). This demonstrates that the potency of the complexes depends on their being wholly composed 3D structures.

###### Cytotoxicity of M-TKs *in vitro* and *in vivo*. IC~50~ values on seven cell lines (48 hours, μM) and LD~50~ values on zebrafish embryos (10--24 hpf, μM) for Cu-TK, Zn-TK, Fe-TK, Mn-TK Cd-TK, TK and cisplatin. All assays were conducted in triplicate and the mean IC~50~ ± standard deviation was determined

              Cell lines   Zebrafish embryo                                                                    
  ----------- ------------ ------------------ ------------ ------------ ------------ ------------ ------------ ------
  Cu-TK       13.3 ± 0.1   3.2 ± 0.6          1.3 ± 0.1    2.4 ± 0.3    27.7 ± 1.9   4.8 ± 0.3    20.4 ± 0.5   4
  Zn-TK       5.4 ± 0.5    8.3 ± 0.7          5.7 ± 1.0    6.0 ± 0.5    44.5 ± 3.2   17.7 ± 0.2   11.8 ± 0.2   8.8
  Fe-TK       1.3 ± 0.6    5.2 ± 0.8          2.3 ± 1.2    3.1 ± 0.2    0.9 ± 0.1    9.1 ± 0.7    ≫100         8
  Cd-TK       1.5 ± 0.2    2.1 ± 0.3          0.6 ± 0.2    1.9 ± 0.1    11.7 ± 1.8   7.8 ± 2.5    16.8 ± 0.1   8
  Mn-TK       3.3 ± 0.2    4.1 ± 0.1          4.2 ± 0.2    0.8 ± 0.05   7.5 ± 0.2    3.4 ± 0.2    24.3 ± 0.7   4.8
  TK          ≫100         ≫100               54.6 ± 1.4   ≫100         ≫100         27.4 ± 0.3   ≫100         ≫100
  Cisplatin   25.7 ± 4.3   11.2 ± 0.2         28.1 ± 1.0   16.5 ± 0.6   15.4 ± 1.3   5.8 ± 2.8    1.7 ± 0.5    250

M-TKs were more cytotoxic to the multidrug-resistant A2780/cis cells than cisplatin. The resistance factor (*R*~f~), which compares the activity (IC~50~) of a compound in resistant cells *versus* wild-type (*R*~f~ = IC~50~(A2780/cis)/IC~50~(A2780)), was 2.5 for cisplatin, 1.0 for Mn-TK, and less than 1 for Cd-TK, Fe-TK, Zn-TK, and Cu-TK (Table S1[†](#fn1){ref-type="fn"}). The lack of cross-resistance exhibited by A2780/cis suggests that M-TKs and cisplatin induce cytotoxicity by different mechanisms.

Elevated cellular glutathione (GSH) levels are implicated in cisplatin-resistance, presumably through reduction or sequestration of cisplatin.[@cit31] Samples of M-TKs in the presence of 10 mM of GSH, at pH 7.4, and in D~2~O : DMSO (1 : 1), exhibited no significant ^1^H NMR spectral changes and generated no glutathione disulfide (GSSG) (Fig. S3[†](#fn1){ref-type="fn"}), indicating that the complexes are stable to GSH reduction and may therefore circumvent GSH-mediated resistance, unlike cisplatin.[@cit32]

The *in vitro* selectivity index (SI, Table S1[†](#fn1){ref-type="fn"}) of each compound was assessed by activity in cancer cells *versus* activity in human embryonic kidney (HEK-293) cells ([Table 1](#tab1){ref-type="table"}, Fig. S7[†](#fn1){ref-type="fn"}). HEK-293 cells are immortalized cells that are considered non- or low-tumorigenic.[@cit33] The SI was significantly less than 1 for cisplatin in all cancer cell lines, indicating non-specificity of this toxin. In contrast, all M-TKs were found to have SIs above 1 in all tested cancer cell lines, indicating selectivity. This could be attributed to different routes of internalization of cisplatin and M-TKs, as cisplatin penetrates both cancerous and non-cancer-derived cells *via* passive routes such as diffusion,[@cit32],[@cit34],[@cit35] whereas M-TKs could utilize an alternative transport mechanism.

*In vitro* toxicity mechanism
-----------------------------

We next investigated the mechanism of toxicity of M-TKs in HeLa cancer cells. We selected these cells for all future studies because they have been used as a model in cancer research, especially, tumor cell migration and invasion, drug development, and cell death pathways. We first evaluated the mechanism of uptake and then asked whether the cell killing effects of M-TKs were due to (i) necrosis, in which cells lose membrane integrity and die rapidly as a result of cell lysis; (ii) cytostatis, in which cells stop actively growing and dividing; and (iii) apoptosis, in which cells can activate a program of controlled cell death either through a mitochondrial induced pathway or extracellular signalling pathway.[@cit36]--[@cit39]

Intracellular uptake and observation of morphological changes: we studied the internalization of M-TKs into HeLa cells using Fe-TK as a model, as this allowed use of Prussian blue staining for iron to identify the internalization of Fe (Fig. S9[†](#fn1){ref-type="fn"}). We found blue iron dots in cells treated with Fe-TK for 24 hours, while control cells remained unchanged.

In order to identify the mechanism by which M-TKs trigger cell death, we first incubated the cells with the complexes and examined the morphological changes produced. After 24 hours of incubation, control and TK-treated cells exhibited normal (flattened) morphology and normal proliferation (Fig. S10[†](#fn1){ref-type="fn"}). Cells treated with CdSO~4~, a known necrosis inducer,[@cit40] became swollen and necrotic. Treatment of HeLa cells with cisplatin and camptothecin (CPT), both apoptosis inducers, or any of the M-TKs, reduced proliferation and adhesion and caused the cells to shrink and become rounded (Fig. S10[†](#fn1){ref-type="fn"}), consistent with apoptosis and not necrosis.[@cit41]

Mechanism of cell death
-----------------------

### Necrosis

The loss of structural integrity of the plasma membrane is a hallmark of necrosis and can be quantified by measuring the release of the enzyme lactate dehydrogenase (LDH). LDH is a cytoplasmic enzyme that is retained by viable cells with intact plasma membranes, but is released from necrotic cells as their membranes are damaged. Therefore, the LDH level outside of cells correlates with the degrees of cell membrane damage and necrosis present ([Fig. 2a](#fig2){ref-type="fig"}).[@cit42] CdSO~4~ induced a 75% increase in LDH levels in HeLa cells at 3 hours, whereas CPT, cisplatin, and M-TKs, each caused minimal LDH leakage at 3 hours and 24 hours compared to the control experiment (no additive) and at 48 hours; we observed an increase of LDH levels under all conditions. Pore formation in the plasma membrane is also responsible for the secondary necrosis signs of apoptotic cells.[@cit43],[@cit44] Cells treated with metal-free TK exhibited no effects relative to untreated cells. Therefore, necrosis does not appear to be the primary mode of cell death induced by M-TKs.

![M-TKs induce apoptosis in HeLa cells. (a) Lactate dehydrogenase (LDH) levels in HeLa cells after 3 (grey), 24 (red) and 48 (blue) hours of incubation with no additives (control) or with lysis buffer (positive control), CPT, cisplatin, CdSO~4~, TK, Cu-TK, Zn-TK, Fe-TK, Mn-TK, or Cd-TK, each at 10 μM. (b) Cell cycle analysis of HeLa cells after 24 hours of incubation in the presence of no additives (control), or cisplatin, CPT, TK, Cu-TK, Zn-TK, Fe-TK, Mn-TK or Cd-TK, each at 10 μM. Percentages of cells in sub-G~0~/G~1~ (green), G~0~/G~1~ (blue), S (red), and G~2~/M (gray) phases were measured. (c) Confocal images of HeLa cells incubated for 3 hours with TK, Cu-TK, Zn-TK, Fe-TK, Mn-TK or Cd-TK, each at 10 μM, followed by staining with Annexin V-FITC (green), DAPI (blue) and propidium iodide (red). (d) Fates of cells treated with no additives (control) or with cisplatin, CPT, TK, Cu-TK, Zn-TK, Fe-TK, Mn-TK or Cd-TK (10 μM) after 24 hours of incubation. Staining with Annexin V-FITC and PI was used to determine the percentages of cells that were alive (blue, Annexin V-/PI--), necrotic (green, Annexin V-/PI+), early apoptotic (red, Annexin V+/PI--), or late apoptotic (salmon, Annexin V+/PI+). (e) Quantitative comparison of Mn-TK internalization (10 μM, 3 hours) by different internalization routes in HeLa cells by studying the effect of endocytotic inhibitors (chlorpromazine, methyl-B-cyclodextrin (MBCD), filipin, amiloride and ammonium chloride (AmCl)) using Annexin V-FITC and PI co-staining. Error bars represent standard deviations of triplicate measurements. All values are expressed as mean ± STD. (*n* = 3). \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 compared to the control.](c9sc01218d-f2){#fig2}

### Cell cycle arrest

The accumulation of cancer cells in particular phases of the cell cycle can point to an agent\'s mode of action. To determine whether the growth inhibition observed resulted from cell cycle arrest or apoptosis, we examined cell cycle distribution by staining treated HeLa cells with propidium iodide (PI) which stains DNA quantitatively. We then analyzed the proportion of cells in various phases[@cit45] -- sub G1 (apoptotic), G1 (increase in size in readiness for DNA replication), S (DNA synthesis), G2 (preparation for mitosis) and M (mitosis) by FACS based on DNA content (Fig. S11[†](#fn1){ref-type="fn"}).

Cell cycle analysis performed on cells treated for 24 hours revealed that while the majority of control cells and TK-treated cells were in the G~0~/G~1~-phase, cells treated with cisplatin or CPT accumulated in the S-phase, consistent with activation of the DNA damage checkpoint ([Fig. 2b](#fig2){ref-type="fig"} and S11[†](#fn1){ref-type="fn"}).[@cit46]--[@cit49] M-TKs caused a significant increase in the proportion of cells in the sub-G~0~/G~1~ phase and reduced the number of cells in G~1~ and G~2~/M-phases ([Fig. 2b](#fig2){ref-type="fig"}). These results suggest that M-TKs perturb the cell cycle and are consistent with the possibility that M-TK treated cells undergo apoptosis.

### Apoptosis detection

We next asked whether M-TK-treated cells underwent apoptosis. Annexin V-FITC/PI staining shows that early stage apoptotic cells are only stained by Annexin V-FITC (green), while late stage apoptotic cells are stained by Annexin V-FITC and by PI (red). DAPI staining (blue) was used as a nuclear marker ([Fig. 2c](#fig2){ref-type="fig"}). Control HeLa and those treated with metal-free TKs for 3 hours were stained blue and had a few green dots present, indicating a low level of apoptosis. Cells treated with either CPT or cisplatin were positive to Annexin V-FITC, but not to PI, indicating that most of the cells were in an early stage of apoptosis (Fig. S12[†](#fn1){ref-type="fn"}). CdSO~4~-treated cells showed only pink fluorescence (blue + red), which is characteristic of necrosis (Fig. S12[†](#fn1){ref-type="fn"}). Cells treated with Cu-TK or Zn-TK showed early signs of apoptosis, whereas cells treated with Fe-TK, Mn-TK or Cd-TK displayed characteristics of late stage apoptosis ([Fig. 2c](#fig2){ref-type="fig"} and S13[†](#fn1){ref-type="fn"}). Flow cytometry analysis after 24 hours of incubation with M-TKs revealed that Cu-TK, Zn-TK, Fe-TK, Mn-TK and Cd-TK enhanced the rate of apoptosis by 77.5%, 79.0%, 74.0%, 89.2% and 88.4%, respectively, suggesting that apoptosis is the main mechanism of their toxicity in HeLa cells ([Fig. 2d](#fig2){ref-type="fig"} and S14[†](#fn1){ref-type="fn"}).

### Internalization and release of Mn-TK in HeLa cells

The mechanisms by which macromolecules enter cells can be divided into two broad categories: (i) passive mechanisms of internalization, such as direct translocation, which are energy independent, and (ii) active mechanisms, such as endocytosis, which are energy dependent.[@cit50] Cisplatin enters cells using either transporters or by passive diffusion.[@cit32],[@cit34],[@cit35],[@cit51] Several reports showed that metal complexes penetrate the cells using endocytotic pathways rather than passive diffusion.[@cit51],[@cit52]

We investigated the mechanism of cellular uptake of M-TKs by selectively blocking potential internalization pathways prior to exposure to Mn-TK. After Mn-TK exposure for 3 hours, we stained HeLa cells with Annexin V-FITC/PI to determine the mechanism of cell death ([Fig. 2e](#fig2){ref-type="fig"} and S15[†](#fn1){ref-type="fn"}). Mn-TK was chosen because it induced signs of apoptosis after only a few hours. To determine the relative amounts of active *versus* passive mechanisms involved in internalization, we measured the apoptosis rate in cells incubated with Mn-TK for 3 hours at either 4 °C or 37 °C. A few apoptotic cells were identified in cells kept at 4 °C and this increased to 80.1% at 37 °C ([Fig. 2e](#fig2){ref-type="fig"} and S15[†](#fn1){ref-type="fn"}). This difference indicates that active mechanisms of internalization, such as endocytosis, are likely at play.

To test this directly, cells were treated with several endocytotic inhibitors (chlorpromazine, methyl-B-cyclodextrin, filipin and amiloride)[@cit53] prior to addition of Mn-TK, followed by Annexin V-FITC/PI analysis. Inhibitors of macropinocytosis and both caveolin- and clathrin-mediated endocytosis blocked Mn-TK-induced apoptosis, suggesting that Mn-TK is likely internalized by these pathways ([Fig. 2e](#fig2){ref-type="fig"} and S15[†](#fn1){ref-type="fn"}). We speculate that the organic framework of Mn-TK not only stabilizes the metals in the +2 oxidation state, but also provides a lipophilic surface that may assist passage across cell membranes and play a role in biological recognition processes. A similar role for the ligand framework has been observed in the cases of ruthenium- and osmium-arene complexes.[@cit54]

Inhibition of lysosome acidification in HeLa cells with ammonium chloride prior to Mn-TK treatment decreased the percentage of apoptotic cells to 10.6%, suggesting that lysosomal function is essential for M-TK toxicity ([Fig. 2e](#fig2){ref-type="fig"} and S15[†](#fn1){ref-type="fn"}). Tumor cell environments with pH as low as 5.5 have been reported, whereas pH 7.4 is typical for healthy cells.[@cit55] Proton ^1^H NMR studies in aqueous solution (Fig. S4[†](#fn1){ref-type="fn"}) showed that acidification (from 7.4 to 5.4) destabilizes the metal complexes by hydrolyzing their imine bonds and releasing their sub-components (metal ions and linkers) into the solution. We hypothesize that M-TK degradation occurs in the acidic environment of endosomes and lysosomes, with the released metals then bonding to endogenous ligands and ultimately triggering apoptosis by redox processes.

Mechanism of M-TK toxicity in zebrafish embryos
-----------------------------------------------

The promising *in vitro* activity of M-TKs prompted us to investigate the *in vivo* toxicity of the complexes using zebrafish embryos. Embryos were treated during early stages of development (from 10--24 hours post-fertilization; hpf, [Fig. 3a](#fig3){ref-type="fig"}), a period of rapid cell division. We assessed embryo viability at 24 hpf and identified the half-maximum lethal doses (LD~50~) of M-TKs as an order of magnitude lower (4--8 μM) than cisplatin (250 μM; [Table 1](#tab1){ref-type="table"}), with Cu-TK having the highest potency (LD~50~ = 4.0 μM) ([Fig. 3c](#fig3){ref-type="fig"}). The purely organic TK had no toxicity or any observable effects on development at any concentrations tested ([Fig. 3c](#fig3){ref-type="fig"}), indicating that the toxicity was due to the metal component of the M-TKs.

![M-TKs induce apoptosis in zebrafish embryos. (a) Treatment timeline for zebrafish embryos. (b) Sequence of death in 24 hpf live zebrafish embryos post treatment with M-TKs. (c) Dose--response curve for M-TKs, cisplatin, and metal-free TK. Dotted line indicates LD~50~. (d) Kaplan--Meier plot displaying the survival trend after treatment with M-TKs, cisplatin, and metal-free TK at a fixed concentration of 4 μM. (e) Representative images of control, TK- and Cu-TK-treated embryos. Top row -- acridine orange assay. Middle row -- TUNEL assay. Yellow boxes indicate area analyzed for TUNEL-positive cells. Bottom row -- higher magnification inserts corresponding to the yellow boxes in the middle row. (f) Quantification of TUNEL-positive cells in control, TK-, and Cu-TK-treated zebrafish embryos. All values are expressed as mean ± STD. (*n* = 3). \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 compared to the control.](c9sc01218d-f3){#fig3}

Early life exposure to metals has been shown to have long term effects in many organisms, including zebrafish.[@cit56] We tested if M-TK exposure during early development affected survival at later times by washing out each compound and assessing embryos for mortality up to 120 hpf ([Fig. 3c](#fig3){ref-type="fig"}). All embryos pre-exposed to Cu-TK were dead by 48 hpf, whereas the mortality rate of embryos subjected to all other M-TKs was delayed until later time periods ([Fig. 3c](#fig3){ref-type="fig"}). Embryos treated with the organic TK at concentrations up to 100 μM remained alive even at 120 hpf. This suggests that subtoxic exposures to M-TKs during early development can have lethal consequences later in life. Our preliminary studies suggest that the metals alone are much less toxic than the corresponding M-TK, indicating that the M-TK confers an advantage over simple administration of metals as a cell killing approach.

Many embryos treated with concentrations just below the LD~50~ appeared morphologically abnormal, with smaller heads, eyes and body length ([Fig. 3b](#fig3){ref-type="fig"}). We asked whether this was attributed to cell death, as was observed for M-TK treated cancer cells. We assessed this in embryos treated with the maximal tolerable dose (MTD, the maximal concentration allowing \>80% survival) using acridine orange and TUNEL assays ([Fig. 3e and f](#fig3){ref-type="fig"}). Embryos treated with the most potent complex (Cu-TK, 4 μM) (i) showed intense staining with acridine in the brain and the trunk of the embryos. These regions also contained TUNEL-positive cells, with almost 50% more apoptotic cells than untreated or metal-free TK-treated embryos. This indicates that M-TK induces apoptosis *in vivo*, consistent with *in vitro* results.

Mechanism of apoptosis induction
--------------------------------

Chemotherapeutics cause cellular stresses that lead to apoptosis. Identification of the initial targets and effects of chemotherapeutic agents provides insight into the mechanism of apoptosis induction. We therefore assessed plasma membrane damage, nuclear DNA damage, reactive oxygen species (ROS) generation, and mitochondrial function in cells treated with TK and M-TKs.

### Membrane integrity

Drugs that disrupt the cell membrane by forming pores can cause necrosis, apoptosis or both.[@cit57],[@cit58] We, therefore, performed a dye-exclusion assay to assess membrane integrity in HeLa cells treated with TKs. The intact membrane of a healthy cell prevents trypan blue from entering and staining, whereas membrane-damaged cells are permeated by the dye and stained blue. Cell damage in treated cells was deduced by counting the number of stained cells in a sample and expressed as a percentage of the total number of cells.

Lysis buffer causes extensive membrane damage and thus was used as a positive control, and all lysis buffer treated HeLa cells were stained blue ([Fig. 4a](#fig4){ref-type="fig"} and S16[†](#fn1){ref-type="fn"}). In the CdSO~4~-treated sample, 83.2% were stained due to membrane damage caused by necrosis. After three hours of treatment with CPT and cisplatin, 14.1% and 23.0% of the cells, respectively, exhibited membrane disruption, confirming that both drugs induce membrane damage as part of their toxic mechanism ([Fig. 4a](#fig4){ref-type="fig"} and S16[†](#fn1){ref-type="fn"}).[@cit59],[@cit60] In contrast, the staining that occurred in cells treated with any of the TKs was comparable to that found in untreated cells. This demonstrates that M-TKs cause minimal disruption of cell membranes.

### Nuclear DNA damage

In order to determine potential genotoxic effects, alkaline comet assays were carried out on HeLa cells treated with M-TKs (10 μM, 10 min). Untreated cells were used as a negative control; cisplatin and CPT treatments (10 μM, 10 min) were used for comparison, and hydrogen peroxide (10 μM, 2 min) was used as a positive control. Dosage and treatment duration were chosen so that cell viability was reduced by no more than 30% relative to control cells, a procedural technique known to increase the assay\'s accuracy. Also, samples were treated for 10 minutes, because the effects of directly acting genotoxins are known to be more easily quantified after shorter treatment times.

Significant DNA fragmentation was detected in control cells that were treated for two minutes with H~2~O~2~, whereas no fragmentation was found in cells treated with cisplatin, CPT, TK, or any of the M-TKs (*p* \> 0.005, [Fig. 4b](#fig4){ref-type="fig"} and S17[†](#fn1){ref-type="fn"}). Thus, at the tested concentrations and incubation times, M-TKs do not appear to cause apoptosis by fragmenting DNA. Cells were also treated for a longer time (12 hours) with 5 μM Zn-TK or 5 μM cisplatin to allow for DNA crosslinking. The alkaline comet assay detected no cross-linking in either of these samples. (Cisplatin is known to induce crosslinking at higher concentrations.[@cit61])

### ROS generation

Excessive ROS is a mechanism of toxicity of many metals, and this is also a major mediator of apoptosis.[@cit62] Free radical generation is the mechanism of action of multiple chemotherapeutic drugs and we asked if M-TK treatment generated ROS using the fluorescent dye DCF-DA (2′,7′-dichlorodihydrofluorescein diacetate). We measured the generated ROS as a percentage of the level generated by H~2~O~2~ (100 μM). Cisplatin[@cit63] and CPT[@cit64],[@cit65] are known to induce apoptosis, in part, by generating ROS mediated mitochondrial damage. In cells treated with CPT or cisplatin for three hours we detected about twice the amount of intracellular ROS (∼7%) as found in the control sample (3.6%), whereas 3 hours of incubation with M-TKs elicited significantly higher levels of ROS of 11% to 20% ([Fig. 4c](#fig4){ref-type="fig"}).

![M-TKs induce ROS that damage mitochondria but avoid damaging nuclear DNA and leave the plasma membrane intact. (a) Measurement of cell membrane integrity. Trypan blue exclusion staining of HeLa cells treated with lysis buffer, CPT, cisplatin, TK, Cu-TK, Zn-TK, Fe-TK, Mn-TK, or Cd-TK (10 μM) for 3 hours, and of untreated cells (control) showed that M-TKs are well tolerated. Quantification involved counting clearly separated individual cells. (b) Assessment of DNA damage by the alkaline comet assay. HeLa cells were left untreated (control) or were treated with H~2~O~2~ at 10 μM for 2 min, or with cisplatin, CPT, TK, Cu-TK, Zn-TK, Fe-TK, Mn-TK or Cd-TK, each at 10 μM for 10 min. Inset: testing for crosslinking effects of Zn-TK by a crosslinking alkaline comet assay. HeLa cells treated with 5 μM cisplatin or Zn-TK for 12 hours were subsequently treated with H~2~O~2~ (2 min, 10 μM); control cells were only treated with H~2~O~2~. Quantification of comet assays was based on triplicate measurements of the percent of comet tail DNA; boxes display the 25--75th percentiles, with a median line, and whiskers extending from the 5th-95th percentiles. (c) Quantitative analysis of ROS generation in HeLa cells after 3 hours of treatment with no additives (control), or H~2~O~2~, CPT, cisplatin, TK, Cu-TK, Zn-TK, Fe-TK, Mn-TK or Cd-TK (10 μM). H~2~O~2~ was used as a positive control. Inset: 3D flow cytometry histograms of cells treated after 3 hours of incubation. Each peak represents 50 000 cells. (d) Mitochondrial membrane potential changes (Δ*Ψ*m) in HeLa cells after 1 hour exposure to no additives (control), H~2~O~2~, cisplatin, CPT, TK, Cu-TK, Zn-TK, Fe-TK, Mn-TK or Cd-TK (10 μM), measured using the JC-1 probe. H~2~O~2~ was used as a positive control. Error bars represent standard deviations of triplicate measurements. All values are expressed as mean ± STD. (*n* = 3). \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 compared to the control.](c9sc01218d-f4){#fig4}

### Mitochondrial damage

High ROS levels generate oxidative stress, which is associated with changes in the permeability of the mitochondrial membrane to activate the intrinsic apoptotic pathway. Thus, determination of changes in the permeability of the mitochondrial membrane is an early indication of the initiation of cellular apoptosis. Since ROS cause mitochondrial damage, we hypothesized that the permeability and electrical potential of mitochondrial membranes (Δ*ψ*~m~) would be affected by M-TK treatment.

We examined the mitochondrial membrane potential (Δ*ψ*~m~) of cells using the membrane-permeant JC-1 dye (5,5′,6,6′-tetraethyl-benzimidazolylcarbocyanine iodide) and flow cytometry. We measured Δ*ψ*~m~ using the membrane-permeant JC-1 dye which, in healthy cells with intact mitochondria, forms aggregates that fluoresce red; whereas, in early apoptotic cells, it remains primarily monomeric in form and emits green fluorescence ([Fig. 4d](#fig4){ref-type="fig"} and S19[†](#fn1){ref-type="fn"}). Control cells exhibited strong red fluorescence (87.7%) and weak green fluorescence (10.6%). Weak red fluorescence intensity (1.9%) and strong green fluorescence intensity (95.8%) were observed after H~2~O~2~ treatment. Cells treated with cisplatin or CPT also showed lower red fluorescence (71.4% and 78.0%, respectively) and increased green fluorescence (15.2% and 28.1%, respectively) relative to healthy control cells.[@cit66],[@cit67] Finally, cells treated with M-TKs exhibited decreased red fluorescence (29.1% to 66.6%) and increased green monomer fluorescence (29.2% and 64.7%) relative to healthy control cells, indicating depolarization of the mitochondrial membrane and increased mitochondrial permeability, a potent trigger for the mitochondria-mediated apoptotic pathway.

Anti-metastatic properties
--------------------------

During cancer progression, deregulation of cell growth leads to escape of cancer cells from the primary tumor and establishment of metastases.[@cit68],[@cit69] The ability of M-TKs to inhibit cancer cell migration was evaluated in a scratch wound healing assay (Fig. S20 and S21[†](#fn1){ref-type="fn"}). The wounds produced in control HeLa cells and in TK-treated HeLa cells were completely healed after 24 hours. In contrast, cell migration and wound healing were significantly suppressed in HeLa cells treated with M-TKs, especially with Cu-TK or Cd-TK, which each suppressed migration by approximately 60% relative to control. We next examined cell adhesion and found that while cisplatin and CPT inhibited adhesion minimally,[@cit49],[@cit70] and TK had no effect relative to untreated cells, M-TKs drastically reduced the number of adherent cells (Fig. S22 and S23[†](#fn1){ref-type="fn"}). Therefore, we conclude that M-TK treatment exhibits both the cell killing and antimetastatic properties which are sought in effective chemotherapeutics.

Conclusions
===========

We report the development of five metal-templated molecular TKs (Cu-TK, Zn-TK, Fe-TK, Mn-TK and Cd-TK) as vehicles for the delivery of metals to cancer cells. These nanoscale, water-soluble complexes showed high potency *in vitro* against six cancer cell lines (HeLa, A2780, A2780/cis, MDAMB-231, PC3, and MCF-7) and *in vivo* in zebrafish embryos. The potency of the compounds was in many cases higher than that of cisplatin and other previously reported metal complexes. Their main routes of delivery were found to be macropinocytosis and both caveolin- and clathrin-mediated endocytosis, which are all more active in cancer cells than in normal cells.[@cit35] In contrast, cisplatin and other small molecules penetrate cells by diffusion, which is less cancer-selective *in vitro*. Thus, we hypothesize that M-TKs are less toxic to HEK-293 cells because they are internalized less. Notably, the M-TKs were toxic in cisplatin-resistant A2780 cells, suggesting that M-TKs and cisplatin induce cytotoxicity *via* different mechanisms.

Another favorable feature of the M-TKs is their constituent imine bonds, which provide a means for rapid hydrolysis of the complexes and release of the metals and organic linkers at the low pH inside cancer cells.[@cit71] This acid-sensitivity is also consistent with the selective toxicity of the complexes toward cancer cells. At higher pH, the M-TKs remain rigidly stable and resistant to thermal, chemical and enzymatic attack, with their metal centers being protected extracellularly until delivered intracellularly.

Our work shows that M-TKs induce ROS that damage mitochondria, while nuclear DNA and the plasma membrane remain intact. Compounds that damage DNA, a ubiquitous target, tend to be more systemically toxic and cause more side-effects than those that are more cancer-specific.

Future investigations will focus on the mechanism of action of the M-TKs and determine whether their ROS-mediated toxicity involves specific intracellular targets. Our work *in vivo* confirms the viability of studying the effects of these compounds in whole vertebrates, as the M-TKs were well tolerated by zebrafish and appeared to selectively attack dividing cells. Finally, we anticipate that the simple, modular synthesis of the knotted trefoil scaffold will facilitate systematic structural modification and derivative screening for optimization of the potency and selectivity of the complexes.
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